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Abstract 
Ultra-high molecular weight polyethylene (UHMWPE) remains the primary bearing 
material for use in artificial joints, but the longevity of these implants is still hindered by an 
osteolytic immune system response initiated by sub-micron sized wear debris released from the 
UHMWPE bulk component.  Studies have shown that the severity of the immune system 
response is linked to particle size.  Current treatments for reducing this effect focus on reducing 
the total volume of wear, but do not directly address particle size due to a limited understanding 
of the mechanisms involved in producing such small debris.  Directly observing these 
mechanisms is inherently challenging, but indirect methods, such as debris characterization and 
wear surface analysis, suggest that multiple mechanisms are present throughout a wear process, 
including a poorly understood plastic deformation process.  In this study, finite element models 
exhibited areas of plastic deformation that were of the same size scale as the relevant debris, and 
novel experimental techniques were used to verify these regions of deformation.  Using this 
insight, equations based on surface buckling were derived that accurately describe the 
characteristic rippling formations found on the surface of UHMWPE bulk.  This information can 
be used to influence the size and shape of submicron wear debris.  
 
1.  Introduction 
 
Polymers are commonly used in tribological applications due to their low coefficient of 
friction, low cost, and ease of manufacturing, but are often limited in terms of product lifespan.  
Additionally, recent studies have shown that the microscopic wear debris generated by polymer 
bearing materials can lead to adverse health effects in people [1-3].  While a significant portion 
of research has been directed towards reducing the overall wear on a bulk level, the complexity 
and subsequent lack of understanding of polymer wear mechanisms means that many of these 
techniques cannot address the formation of individual particles, and therefore the associated 
health concerns remain unaltered. 
Ultra-high molecular weight polyethylene (UHMWPE) is a common tribological material 
used in orthopedic implants.  The wear debris generated from these components is responsible 
for potentially catastrophic loosening of the implant through a process called osteolysis [4, 5].  
The severity of this condition has led to a large quantity of research being performed on 
UHMWPE wear, including the development of wear reduction techniques such as crosslinking 
[6, 7] and the use of composite fillers [8-11].  Despite the quantity of research, very little is 
known about the wear mechanisms of UHMWPE, in particular, how individual wear particles 
are formed.  As a result, many of the techniques developed can drastically reduce total wear 
volume, but may have only minor effects on biological response [12-14]. 
  To gain the required insight into wear behaviors, there are two historical methods 
typically employed: the analysis of the resulting wear surface and the analysis of the debris 
geometry.  Each method looks for specific markers that suggest particular behaviors, such as 
cracking, pitting, grooves, and scratches.  In regards to UHMWPE, these methods have answered 
very few questions while generating many more.  For example, analysis of UHMWPE debris in 
terms of particle size, shape, and complexity suggests that UHMWPE experiences multiple wear 
mechanisms.  These include classic wear mechanisms such as abrasion, which yields large and 
chaotically shaped particles, and fatigue, which yields smaller particles with a rough, fracture-
like surface.  However, the osteolytic response is most strongly tied to debris that is small (≤ 
1µm), round, and smooth; a class of particles that does not fit any known wear mechanism [15].  
However, the smoothness of these particles suggests that plastic deformation plays a critical role.  
Also, the resultant wear surface of UHMWPE is extremely smooth, with very little cracking, 
pitting, or scratches, and the counterface does not collect a transfer film like many other notable 
tribologic polymers, such as PTFE.  However, one notable surface feature has been repeatedly 
described: the formation of microscopic sinusoidal ripples across the wear surface (Fig. 1).  In 
1978, Charnley and Dowling, pioneers of the artificial hip, described the phenomenon: “The 
cause of the parallel ripples has not yet been identified,” and commented that why the multi-
direction behavior “should produce such an oriented topography is hard to explain”  [16].  Over 
30 years later, Wang et al commented on the same phenomena: “It is still not well understood 
how the ripples are formed...but it is generally accepted that accumulated plastic deformation 
plays a critical role in the formation of the ripple-like features on the surface of the acetabular 
cups”	[17].	
	
[INSERT	Figure	1	a,b]	
   
 To cultivate a new generation of innovative solutions for reducing both osteolytic 
response and wear in general, tribologists are seeking a better understanding of the wear 
mechanisms involved in UHMWPE, particularly regarding the role of plastic deformation. 
Recent efforts in computational modeling have provided support to the claim that plastic 
deformation accumulates at the surface, but these models assumed simplified geometries and 
material properties, and lacked any experimental verification of the results.   
This study aims to expand the computational support for “plastic deformation” wear 
through application of realistic geometries and adhesive forces, and also to provide experimental 
support through the development of a novel surface-notch technique that provides a new tool in 
the arsenal of wear behavior analysis.  Through these tests, a theoretical model for the 
development of surface ripples is also derived, based on accumulated strain at the polymer 
surface.  
 
2.  Materials and Methods 
 All experimental work was conducted using UHMWPE samples (GUR-1050, Ticona) 
formed through compression molding. Wear tests were performed using cylindrical, UHMWPE 
wear pins, 6.25mm diameter, which traced 20mm diameter circles on a polished, stainless steel 
plate (type 410, heat treated to 45 HRC, polished to 0.05µm Ra).  Wear tests were performed on 
a custom built, 2-axis wear simulator, and were performed under dry sliding conditions with 
normal loads of 3MPa and speeds of 200 mm/s.      
 Modeling was conducted using Abaqus software in conjunction with Texas A&M 
University’s Supercomputing Facility.  All simulations were performed using 2D models for 
solving efficiency.  Initial simulations of the wear process were based upon the previous work of 
Suhendra and Stachowiak [18].  However, it is unclear if the slightly exaggerated asperity 
geometry used in their work is reflective of actual orthopedic wear when smoother asperity 
geometry may result in a more evenly distributed load, and therefore less plastic deformation.  
Also, when multiple asperities are close together, they may act as a single, blunt asperity rather 
than sharp points.  To test these points, model geometries were generated from surface profiles 
taken from actual worn polymer and counterface wear surfaces obtained via a Zygo NewView 
600 non-contact profilometer. 
 
2.1 Notched Surface Testing   
 To confirm the presence of accumulated strain at the surface as evidenced by the 
simulations, a simple test was developed to reveal any changes in geometry after a wear process.  
In these tests, wear pins were pre-worn for 100,000 cycles using 20mm diameter circular path.  
At the conclusion, the smoothed wear pin surface was grooved using a fresh razor blade.  The 
blade was drawn across the surface with minimal pressure, achieving a consistent triangular 
groove between 5µm and 10µm deep.  These samples were then subjected to a variety of 
additional wear testing (ranging from 1 to 50 cycles) such that any plastic deformation at the pin 
surface would be reflected in the groove geometry.  At the completion of the additional wear 
tests, the surface of the sample was sputtercoated with gold, then imaged in a scanning electron 
microscope (JOEL-6400).   
 
3.  Results and Discussion 
  
3.1 Simulation 
 Abaqus simulations performed on imported geometry, multiple asperity model result in 
stress distributions that match well with expected results calculated using hertzian contact 
mechanics, and match well with the results from Suhendra and Stachowiak [18], despite the 
smoother asperity geometry.  Contact areas were limited to the asperity peaks, and neighboring 
asperities were far enough apart that their corresponding stress distributions did not influence 
each other in the region that experiences deformation.  When the model was loaded at an average 
pressure of 3MPa, which is under the yield strength of UHMWPE, the smooth surface still has 
sufficient asperity sharpness to cause concentrated stress distributions, and the stresses 
experienced are high enough to generate yielding at the surface according to the Von Mises 
criterion, with peak loads in excess of 30 MPa (Fig 2a).  The resulting plastic deformation is 
limited to a relatively thin layer at the surface, and is propagated along the surface as the 
asperities move across the surface (Fig. 2b).  The depth of this deformed layer varied according 
to the local asperity geometry, but ranged from 100nm to 500nm, which also closely matches the 
theoretical depth of the maximum shear stress of approximately based on contact mechanics, 
which is approximately one-half the contact width, although discontinuities within the strain 
field as discussed by Suhundra and Stachowiak could result in even thinner regions.  
 
Figure 2 (a,b) 
 
3.2  Grooved-Surface Test 
 
To verify the presence of this plastically deformed surface layer in physical specimens, a 
novel grooved-surface test was developed, as described in Section 2.1.   Initially, the razor blade 
grooves had very smooth edges and boundaries, as seen in Figure 3a. When a grooved sample 
was subjected to a linear wear path that ran in the same direction as the groove, no notable 
changes were evident in the groove, even after 40 cycles (Fig. 3b).  However, when the direction 
of the wear path crossed the groove (both circular and linear-perpendicular paths were tested), 
distinct distortions in the groove boundaries were found.  These alterations were evident in as 
few as one single cycle, adding support to the simulation results that demonstrated deformation 
in small number of asperity passes.  The types of distortions observed could be categorized into 
three types: 1) bulging edges, 2) large overlying flakes, and 3) thin sheets and fingers, 1µm in 
thickness or less. 
 
[Fig 3 a,b] 
  
The bulging edges are hypothesized to be products of an imperfect razor blade grooving 
method, where the blade created excessively large raised lips along the sides of the groove as 
material was displaced (Fig. 4). These tall lips are then smoothed back into the groove once a 
wear test is begun.  This produces a groove geometry that has bulged sizes, and is most evident 
when the grooving process was performed unsteadily or with too much pressure.  Since these 
formations are products of the grooving process and not representative of a wear behavior, they 
are not relevant in this study.   
 
[Fig 4] 
 
Although similar in appearance, the second groove distortion appears when wear debris 
migrates across the groove during the wear process, often bridging the entire groove width.  
These “free-floating” particles are typically large flakes with diameters of 10µm or greater and 
thickness in the 1-5µm range (Fig. 5a-c).  Particles of similar shape and size have been noted in 
other investigations of UHMWPE wear behavior.  It is interesting to note that for the dry sliding 
conditions of this experiment, these large flake-like particles were seen in significant numbers 
across the wear surface and appear to be smoothed against the bulk polymer, giving rise to their 
flat shape.  The size and shape of these particles is very similar to the debris generated by 
polymers that create transfer films, such as PEEK and PTFE, although UHMWPE itself is not 
known for generating transfer films (Fig. 5d). Since particles of this sort are found only on the 
UHMWPE bulk and not found on the counterface, it is hypothesized that these particles are 
behaving as a weak transfer film that clings to the polymer bulk instead of the counterface.  
Expanding on this hypothesis, it follows that these flakes can grow through the accretion of 
neighboring particles, similar to the growth of traditional transfer films through deposition of 
additional material.  In this manner, these flake-like particles create a thin protective layer of 
deposited material that can deform and shift independent from the bulk, contributing to the low 
wear rate of UHMWPE.  The strength of the bond between these particles and the polymer bulk 
is still unknown, but the migratory nature suggests these particles are not fully incorporated back 
into to the bulk polymer despite the smoothed appearance.  These self-adhering transfer film 
flakes have been seen bridging grooves after only one cycle of motion.  
 
[Fig 5] 
 
The final type of distortions illuminated by the groove method is that of thin fingers and 
sheets drawn across the groove, as seen in Figure 6.  These structures vary in width, but range in 
thickness from 0.05-0.5µm, as measured by taking multiple SEM images while rotating the 
samples from 0° to 60° to create three dimensional perspective. These structures have no 
surrounding structures that suggest they are portions of free-floating debris.  Instead, the 
appearance suggests that a portion of the bulk surface has been pulled across the groove in a thin 
sheet.  The thickness of these structures matches closely to the thickness of a plastically 
deformed layer as predicted by Abaqus simulations, and is also of the same size scale as the 
small, round debris particles that are strongly tied to osteolytic response in artificial joints. 
Additionally, as the number of cycles increases, the total width, but not the thickness, of these 
structures increases, suggesting that strain accumulates across the surface with each asperity 
pass, which is also shown in simulations.  Over a sufficient number of cycles, entire regions of 
the groove can be covered with a thin polymer skin, as seen in Figure 6c.   
 
[Fig 6] 
 
3.3  Surface Geometry – Ripples  
 
When plastic deformation is localized to a thin surface layer, as evidenced by both the 
simulation and experimental studies above, it provides theoretical rationale for the occurrence of 
the patterned surface ripples as commonly seen in UHMWPE wear components: the buckling of 
a polymeric thin film due to compression from its underlying soft substrate.   
 
[Fig 7] 
 
To simplify the rippling process, the strained surface layer is treated as a separate region 
from the bulk, but which remains strongly adhered to the bulk.  Since the surface layer has 
undergone more strain more than the bulk, the bulk exerts a compressive stress on the layer as it 
“pulls” the thin film back towards its original position.  A thin film undergoing compression will 
buckle when the compressive force exceeds a critical level.  When this occurs, the final geometry 
for the system is dictated by the minimization of the energy of three different elements: 1) the 
elastic energy stored in the stretched thin film region, 2) the bending energy stored in the thin 
film region, and 3) the deformation of the underlying bulk to match the film. The behavior of 
such systems, including the derivations of the energy equations that ultimately are used to predict 
geometry, have been studied extensively in other fields [19, 20], and has been demonstrated in 
polymer-on-polymer films as seen in Stafford et al [21]. However, to the author’s knowledge, 
this is the first time this approach has been applied to the phenomena seen in UHMWPE wear.  
 
In the case of a unidirectional stress state and an infinitely thick substrate, the resulting 
geometry follows a sinusoidal wave, with equilibrium wavelength, λ, given by:   
 
 𝜆 = 2𝜋ℎ& 𝐸&3𝐸) */, 
 
where is hf is the thickness of the deformed layer, 𝐸 = 𝐸/(1 − 𝜈1) is the plane strain modulus, E 
is Young’s modulus, ν is Poisson’s ratio, and the subscripts f and s represent the deformed layer 
and substrate respectively.  Note that the wavelength is only dependent on the moduli of the two 
layers and the film layer thickness, which is highly dependent on the modulus and yield strength 
of the polymer.  The limited number of factors that influence ripple wavelength explains the 
relative consistency of ripple spacing throughout UHMWPE literature.  As a general rule of 
thumb, assuming the two layers have roughly the same modulus and Poisson’s ratio, the 
wavelength would be roughly 4.5hf, although the influence of strain-induced chain alignment 
will likely lead to an increase in film modulus and a subsequent increase in ripple spacing.  
Measurements taken from the grooved surface images discussed in section 3.2 revealed film 
thicknesses ranging from 0.05-0.5µm, which correspond well to the ripple spacing as measured 
between 1.25-2.25µm in this study.    
Along with strain-induced chain alignment, the additional effects of thermal softening 
were not included based on the observations that rippled surfaces have been observed in both 
lubricated sliding conditions [17, 22, 23], and have similar ripple geometries and spacings as 
found in this study, which used dry sliding, suggesting that thermal effects are not a dominant 
factor in the formation.  Also, the role of crystalline structures was not included in this study,  
due to the fact that in this study (flat-on-flat sliding), rippled areas can extend for well over 
300µm in both width and length, much larger than the average spherulite size (< 100µm), and the 
space between ripples is distinctly larger than dimension of individual crystal lamellae.   
It is anticipated that these models could also provide a range of possible ripple amplitudes 
based on the critical compressive stress required to initiate buckling and the maximum stress 
generated by the bulk, however, ripple height was not explicitly measured during this test, and 
this avenue was not pursued.   
The formation of the sinusoidal ripples in the surface of UHMWPE affects debris 
formation in a number of ways.  Firstly, it dictates the asperity geometry of the polymer surface, 
effectively dividing the surface contact area into small, discrete regions ≤1µm in width.   
As the surface of the polymer is drawn laterally by the counterface, it is from the peaks of these 
ripples that material is removed, and the valleys of the ripples isolate each peak from each other, 
limiting the size of a single particle.  This size is strongly influenced by the deformed layer 
thickness, hf, and the contact width.  The shape of these particles would small and round, often 
having a slight tail from the drawing process. Examples of such plastic deformation can be seen 
in works by Asano et al [23]	and	McKellop et al[22].  
 
Secondly, the rippled surface provides avenues of safety where small wear debris can 
settle and migrate, relatively free from the effects of the wear operation.  Larger particles float 
across the surface of the ripples, where they are continually flattened and deformed by the 
counterface.  These larger particles may absorb other particles, or break apart into smaller flake-
like particles, creating a somewhat irregular shape.  However, as long as their dimension is 
longer than the wavelength of the ripple spacing, they will remain flat and flake-like (Fig. 8a).  
For particles approximately the same dimension as the ripple amplitude and spacing, the ripples 
may act as initiators for rolling motion instead of smearing across the surface, creating 
extremely smooth ovoid shaped particles as they tumble (Fig. 8b).  
 
[Figure 8] 
 
 
4.  Conclusions    
 
• UHMWPE experiences multiple wear mechanisms, one of which is characterized by the 
accumulation of plastic deformation occurring in a thin surface layer.  Evidence for such 
behavior was found in numerical simulations using actual surface geometries imported 
into Abaqus software.  A novel testing method involving a small groove on the wear 
surface provided additional experimental evidence for this behavior.  
• The grooved-surface testing also revealed that larger, flake-like particles cling to the 
polymer wear surface, and these particles can migrate across the surface.  These particles 
are similar in size and shape to the transfer film deposits made by certain polymers onto 
metal counterfaces, however, instead of being deposited onto the counterface, they 
remain adhered to the polymer bulk.  The movement and deformation of these “self-
adhering transfer films” may contribute to the low wear rate of UHMWPE.  
• The presence of a thin, deformed layer at the polymer wear surface provides the first 
theoretical model for describing the unusual “rippled” geometry often found on 
UHMWPE components:  The thin layer is plastically deformed by the sliding action of 
the counterface, but once released, it is compressed back towards its original shape by the 
bulk of the underlying polymer, leading to a buckling phenomenon with an equilibrium 
geometry described by a sinusoidal wave.  
• The surface deformation layer in conjunction with the sinusoidal surface geometry 
creates independent regions of high stress and localized deformation, which are 
hypothesized to relate directly to the small, round wear particles seen in previous studies 
through a drawing action that occurs on the peaks of the sinusoidal surfaces.  
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Figure	1:	Ripple	formation	seen	on	UHMWPE	wear	surfaces	generated	on	the	custom-built	used	in	this	study.		a)	
1000x,		b)	10000x	
 
 
  
Figure 2: 
 
	
	
	
	
Figure	2:	Abaqus	results	using	imported	surface	profiles:	a)	Von	Mises	Stress,		b)	Equivalent	Plastic	Strain	
	
	 	
Figure	3:	
	
	
	 	
Figure	3:		A	razor	blade	makes	a	clean	groove	across	a	wear	surface.		a)	the	original	groove	with	no	additional	wear,		
b)	The	groove	remains	clean	in	geometry	after	40	cycles	of	additional	wear	in	a	linear	direction	parallel	to	the	groove.		
	
	
	
	
	
Figure	4:		
	
	
Figure	4:		The	tall	lip	on	the	sides	of	the	groove	that	results	from	excessively	deep	grooving	will	fold	back	over	the	
gap,	masking	other	forms	of	deformation.	
	
Figure	5:		
	 	
	 	
Figure	5:	SEM	Images	of	flake-like	particles	found	attached	to	the	polymer	wear	surface,	bridging	the	groove.		a)	
taken	orthogonal	to	the	surface,	b)	taken	at	30°angle	off	vertical	to	show	depth,	c)	taken	at	60°off	vertical,	and	d)	images	of	
PEEK	transfer	film	deposited	onto	metal	counterface,	taken	from	Bahadur	[24],	which	are	similar	in	shape	and	texture	to	the	
UHMWPE	particles.		
	 	
Figure	6:		
			 	
	
Figure	6:	Images	of	thin	sheets	and	fingers	that	are	drawn	across	the	groove.		a)	reveals	the	thickness	of	the	plastically	
deformed	layer	is	less	than	1	µm,	b)	shows	what	may	be	individual	asperty	pull	out,	and	c)	the	eventual	accumulation	of	strain	
leads	to	a	thin	sheet	completely	covering	the	groove,	shown	after	40	cycles.		
	 	
	Figure	7:	
	
Figure	7:	When	subjected	to	compressive	stress,	a	thin	film	bonded	to	a	soft	substrate	will	buckle	into	a	sinusoidal	
pattern.	
	 	
	
Figure	8:		
	
	
	 	
Figure	8:			a)	Small,	round	particles	are	presumed	to	originate	from	the	plastic	deformation	layer,	and	are	rounded	as	
they	tumble	among	ripples,	while	b)	larger	particle	float	above	the	ripples,	and	are	flattened	by	the	counterface	into	thin	flakes.	
	
